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ABSTRACT: This paper presents the design and experimental validation of a miniaturized Printed Log-Periodic Dipole Array (PLPDA)
antenna operating within the 1.3—6.0 GHz frequency range. The objective of this work was to reduce the antenna’s overall footprint while
preserving its wideband performance. A sequential miniaturization strategy was adopted, employing m-segment fractal geometry for
lateral size reduction and Cross-Entropy (CE) optimization for axial compaction. The reference PLPDA, measuring 255 mm x 116 mm,
was progressively refined to a final size of 217mm x 88 mm, achieving an overall footprint reduction of approximately 34%. The
simulated and measured results confirmed excellent impedance matching, with S11 remaining below —10 dB across the entire operating
band and an average gain exceeding 7 dB. These results validate that the proposed CE-optimized m-segment PLPDA successfully achieves
substantial miniaturization without degrading bandwidth or radiation performance. The proposed approach offers a practical framework

for developing compact, high-performance wideband antennas.

1. INTRODUCTION

log-periodic dipole array (LPDA) antenna consists of a ta-
Apered sequence of dipole elements arranged along a boom,
providing stable performance across a broad frequency range
through logarithmic periodicity. Although LPDAs were first
introduced several decades ago, their design has since been
refined and standardized in modern literature, making them
a widely adopted wideband solution for applications such as
radio astronomy, broadcasting, wireless communication, and
spectrum monitoring.

With the growing demand for compact and integrated radio-
frequency (RF) systems, research has progressively transi-
tioned from conventional free-space LPDAs to printed LPDA
(PLPDA) configurations. The PLPDA offers a streamlined,
planar, and easily fabricated structure while maintaining the
broadband characteristics of its predecessor. However, despite
these advantages, the overall antenna size, both in axial (length)
and lateral (width) dimensions, remains a key limitation in ap-
plications in which space is constrained. Consequently, re-
cent studies have focused on footprint-reduction strategies, lay-
ing the foundation for further investigations into size reduction
without compromising wideband performance.

Lateral miniaturization of PLPDAs has been pursued through
several geometric modification strategies. Meandered dipole
structures [1] reduce width by folding the current path, while
modified dipole shapes — including T-top configurations [2],
biconical geometries [3], and various tapered profiles [4—7] —
achieve width reduction through optimized element shapes and
improved current distribution. These approaches demonstrate
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that careful geometric design can significantly reduce the lateral
footprint while maintaining stable impedance characteristics.

Fractal geometries offer an alternative approach to lateral
miniaturization by extending current paths and increasing elec-
trical length without enlarging the physical footprint. Various
fractal configurations have been investigated for PLPDA ap-
plications, including Koch curves [8], Sierpinski triangles [9],
Peano curves [10], Hilbert curves [11], and hybrid fractal de-
signs [12—14]. Slot-enhanced fractal implementations [15] fur-
ther improve miniaturization performance. However, these
intricate fractal structures pose fabrication challenges due to
increasing complexity with higher iteration orders. The m-
segment fractal [16] addresses this limitation by offering de-
signers greater control over the trade-off between miniaturiza-
tion and fabrication complexity via adjustable segmentation pa-
rameters.

While lateral miniaturization has received considerable at-
tention, axial (profile) reduction of PLPDAS remains relatively
underexplored. Folded dipole configurations [17] have been
investigated for axial compaction but rely on fixed geome-
tries with limited design flexibility. More recently, Pu and
Zhang [18] introduced a resonance point optimization (RPO)
method that achieves axial size reduction by selectively elim-
inating redundant dipole elements — retaining approximately
80% of the elements from classical designs while recalculating
resonance frequencies and inter-element spacings. Although
this approach maintains bandwidth, it results in reduced low-
frequency gain. These limitations highlight the need for an
adaptive optimization framework capable of exploring the de-
sign space dynamically to achieve axial miniaturization without
performance degradation.
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Optimization techniques, such as Particle Swarm Optimiza-
tion (PSO), Artificial Bee Colony (ABC), and Genetic Algo-
rithms (GA), have been widely applied in antenna design for
impedance matching, gain enhancement, and bandwidth im-
provement [19]. However, their performance may degrade in
high-dimensional problems with strongly coupled parameters,
often requiring extensive function evaluations to explore com-
plex multimodal design spaces [20]. This challenge is partic-
ularly evident in PLPDA miniaturization, where compactness
and high-performance requirements — such as wide impedance
bandwidth, stable radiation characteristics, and enhanced gain
— introduce inherently conflicting design objectives.

Cross-Entropy (CE) optimization [21] adopts a model-based
search paradigm in which a probability distribution is itera-
tively refined using elite samples. By systematically concen-
trating the sampling distribution around high-performing re-
gions via controlled variance reduction, CE improves conver-
gence stability. As demonstrated in [20], this probabilistic re-
finement strategy results in significantly fewer function eval-
uations than population-based methods such as PSO for high-
dimensional multimodal problems — for instance, 6,050 ver-
sus 38,400 evaluations for a 30-dimensional benchmark, repre-
senting approximately a 6-fold reduction. This computational
efficiency makes CE particularly suitable for antenna optimiza-
tion where each design evaluation requires expensive full-wave
electromagnetic simulation. Furthermore, CE’s elite sampling
mechanism improves convergence stability for problems with
conflicting objectives — a characteristic directly relevant to
PLPDA miniaturization, where bandwidth, gain, and size re-
duction must be optimized simultaneously.

Despite the extensive research on PLPDA miniaturization,
the existing literature predominantly addresses unidirectional
size reduction — either lateral or axial dimensions in isola-
tion — with limited attention to achieving simultaneous dual-
dimensional compaction. This work addresses this gap by in-
tegrating m-segment fractal geometry with Cross-Entropy opti-
mization to achieve concurrent lateral and axial miniaturization
of a single-layer PLPDA. The approach offers two key contri-
butions: (1) a dual-dimensional miniaturization framework in-
tegrating fabrication-efficient m-segment fractal geometry with
CE-optimized spacing, achieving experimental validation of
34% footprint reduction across 1.3—6.0 GHz and (2) application
of Cross-Entropy optimization to multi-objective wideband an-
tenna design, demonstrating its capability to balance compet-
ing miniaturization and performance objectives through sys-
tematic design space exploration. This combination of tech-
niques, substantiated by experimental measurements, distin-
guishes the present work from prior unidirectional miniaturiza-
tion approaches and provides a practical framework for com-
pact wideband PLPDA design.

This paper is organized as follows. Section 2 discusses
the miniaturization techniques used, namely the m-segment
method and CE optimization. Section 3 covers details of the
conventional PLPDA design, m-segment PLPDA design, and
CE-optimized PLPDA. Section 4 presents the results and dis-
cussions, and Section 5 concludes the paper.
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2. PLPDA MINIATURIZATION TECHNIQUES

2.1. m-Segment Fractals

Fractals are increasingly used in antenna design for miniaturiza-
tion because of their space-filling nature. They enable compact
designs without degrading performance, making them suitable
for modern telecommunication systems.

The m-segment fractal, introduced in [16], is a simple and
highly customizable geometry. Unlike conventional fractals
based on recursive transformations, the m-segment method di-
vides a line into a fixed number of smaller segments, allow-
ing controlled, flexible structural modification. The number of
segments and iteration depth can be adjusted to meet specific
design requirements.

The m-segment fractal geometry is characterized by two inte-
ger parameters, denoted by m and n. m determines the number
of linear segments into which a line of length L is subdivided,
and n denotes the iteration count in the fractal generation pro-
cess.

As highlighted in the foundational literature on m-segment
in [16], fractal generation involves two operations: p and q.

p — Turn 45° clockwise and travel a distance of L/ m\@,
then turn 90° anticlockwise and travel a distance of L/ mv2.

q — Turn 45° anticlockwise and travel a distance of
L/ my/2, then turn 90° clockwise and travel a distance of
L/mV/2.

If a line segment undergoes operation p (or g), the resulting
segment is labeled A (or B). Subsequent iterations are gener-
ated based on these labels. The m-segment fractal geometries
with m = 2 corresponding to the Oth (straight-line), 1st, and
2nd iterations are shown in Fig. 1 [16].

q
p
q
q
P — O"Miteration
— 1% iteration

——2" jteration

AN

P

FIGURE 1. m-segment generation with m = 2 [16].

As established in our previous work [22], incorporating the
m-segment fractal into the dipole structure of a PLPDA ef-
fectively reduces the antenna’s lateral dimension while main-
taining stable bandwidth and gain. In this study, the same m-
segment framework is retained for lateral compaction and ex-
tended further to enable axial reduction through optimization,
as detailed in the following sections.
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2.2. Cross Entropy Optimization

The Cross-Entropy (CE) method, introduced by Rubinstein in
1997, is a powerful tool for solving a wide range of optimization
problems, including rare-event simulation, combinatorial opti-
mization, and continuous multi-extremal optimization [21]. It
is based on Kullback-Leibler minimization and can be applied
to various estimation and optimization problems [23]. The CE
method has been found advantageous in handling mixed vari-
ables and constraints in electromagnetic optimization, leading
to improved antenna performance [20].

CE optimization begins by initializing a set of candidate so-
lutions, either randomly or based on informed estimates. These
candidates are evaluated against an objective function, and a
probabilistic selection process favors those with superior per-
formance. The selected solutions inform the update of algo-
rithm parameters, using cross-entropy to steer the search to-
wards promising regions in the parameter space. This iterative
process continues until a termination criterion, such as conver-
gence or a predetermined maximum number of iterations, is
achieved.

For a random variable X = (X1, Xs, ..., X,,) with a range
of possible values given by the support of X, the Kullback-
Leibler (KL) distance between two continuous probability den-
sity functions f and g is defined as follows:

D(7.9) = &y [toe L |
(1)
- / f(x)log f(x)dx — / f(x)log g(x) dx

xeX xeX

where the expectation of a function with respect to a distribution
f is denoted as E¢. The goal of CE optimization is to minimize
the KL distance D between the true distribution f and the op-
timum distribution g parameterized by 6. Mathematically, this
can be denoted as

miniemize — / f(x)log g(x]0) dx
xeX

2

PLPDA antennas consist of several parameters such as dipole
length, dipole spacing, and dipole width that determine the an-
tenna’s performance and overall size. PLPDA optimization be-
gins by initially selecting a subset of these parameters that will
be optimized for better performance and minimal antenna foot-
print. Each parameter chosen for optimization is subjected to an
initial sampling strategy employing a normal distribution, char-
acterized by a randomly selected mean value and an informed
estimation of standard deviation. The use of a normal distribu-
tion for initial sampling is a common choice because it allows
a diverse set of the initial candidate solutions that cover a wide
range of the search space.

The antenna performance is evaluated for each candidate.
After evaluating the performance of all candidates within the
population, they are ranked to identify antennas with the small-
est footprint and best gain and bandwidth performance. These
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FIGURE 2. CE optimization flowchart [20].

top-ranking candidates are referred to as the elite set of candi-
dates. These elite candidates will then determine the next nor-
mally distributed candidates. The process is repeated until the
candidate population consists of optimized values. This process
is illustrated in Fig. 2 [20].

3. PLPDA DESIGN

3.1. Reference PLPDA

An LPDA is composed of multiple dipoles whose dimensions
and spacing are scaled by constant ratios to achieve broadband
performance. In this configuration, L, D, and R represent the
dipole length, diameter, and distance from the apex, respec-
tively.

To establish a performance baseline, a reference PLPDA was
designed using the standard LPDA synthesis method detailed
in [24]. The target specifications were a bandwidth of 1.3—
6.0 GHz and a directivity of 8.5 dB. From these parameters, the
number of dipoles, their dimensions, and spacing factors were
derived.

As in [22], the transition from a free-space LPDA to a printed
configuration was performed by replacing cylindrical dipoles
with stripline rectangular dipoles, whose equivalent widths w,,
were obtained using

A3)
The antenna was implemented on a Rogers RT 5880 sub-
strate (e, = 2.2, h = 1.575mm), applying a scaling factor of

Wy = TQyp,
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0.92 to account for the dielectric environment, as recommended
in [25].

The resulting reference PLPDA measured 254.55mm X
116.08 mm and was modeled in Computer Simulation Technol-
ogy (CST) Design Studio. Its simulated bandwidth, gain, and
radiation characteristics served as the baseline for the subse-
quent miniaturized designs presented in this study.

3.2. m-Segment PLPDA

To achieve lateral miniaturization, longer dipoles of the refer-
ence PLPDA were replaced with m-segment fractal dipoles fol-
lowing the procedure described in [22].

Figure 3 compares the longest dipole of the reference PLPDA
with its m-segment equivalent, where (a) shows the reference
dipole, and (b) shows the m-segment configuration. Although
the total length of the individual segments is equal to that of
the reference dipole, the effective span is reduced, leading to a
narrower overall antenna profile.

()

(b)

FIGURE 3. Comparison of reference and m-segment dimensions.

In this study, the previously validated configuration with
m = 2 and n = 1 was adopted, as it demonstrated the
most favorable balance between compactness and performance
in [22]. As established in the earlier study, converting the two
longest dipoles to m-segment geometry yielded optimal perfor-
mance among several tested combinations. The resulting m-
segment PLPDA achieved a width of 87.84 mm, corresponding
to a 24.32% reduction relative to the reference design, while
maintaining comparable S1; and gain characteristics (Fig. 4 and
Fig. 5).

3.3. CE Optimized PLPDA

Building on the laterally miniaturized m-segment PLPDA, the
next stage focused on axial length reduction using the CE opti-
mization algorithm. The objective was to minimize the overall
antenna profile while maintaining a wide impedance bandwidth
and stable gain performance.

In a conventional PLPDA, the inter-element spacing (.5},)
significantly contributes to the total axial dimension. These
spacing values, initially derived from the standard PLPDA de-
sign equations (Table 1), were used as stochastic optimization
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FIGURE 4. S11 comparison of reference and m-segment PLPDA.
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FIGURE 5. Gain comparison of reference and m-segment PLPDA.

parameters in the CE framework. Since shorter dipoles (ele-
ments 1-10) contribute minimally to the total length, optimiza-
tion was applied only to dipoles 11-20, where spacing strongly
influences axial size and phase alignment.

The selection of CE optimization for this application was
motivated by several problem-specific considerations. The
PLPDA spacing optimization involves a multi-dimensional pa-
rameter space (spacing values between dipole elements 11—
20) with highly expensive objective function evaluations —
each candidate antenna design requires a full-wave electromag-
netic simulation in CST, with simulation times on the order
of 30 minutes per design. With a population size of 20 can-
didates per generation, each optimization iteration requires ap-
proximately 10 hours of computational time. Under these con-
straints, the computational efficiency advantage of CE becomes
critical. Based on the comparative data reported in [20], CE’s
reduction in required function evaluations (by a factor of ap-
proximately 6 relative to PSO for high-dimensional problems)
translates directly to feasible optimization time scales.

Within this CE framework, each candidate antenna design
was evaluated using a fitness function that balances three com-
peting objectives: bandwidth coverage, gain performance, and
axial compactness:

F=w -BW+wy -G—ws3-L 4
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where BW represents the bandwidth coverage metric defined
as:

N .
BW=>4;, where &-{L if Su(fi) <—10dB )

— 0, otherwise

with N test frequencies distributed across the 1.3—-6.0 GHz op-
erating band to capture resonance behavior. G represents the
average realized gain computed from multiple frequencies dis-
tributed across the operating band. L is the total axial an-
tenna length (mm). All three objectives (BW, G, and L)
were normalized using min-max normalization to ensure com-
parable scales before applying weights. The weighting factors
w; = 0.4, wy = 0.3, and ws = 0.3 were selected to pri-
oritize bandwidth preservation (highest weight) while treating
gain and length reduction as equally important secondary ob-
jectives. This distribution ensures that candidates with high
bandwidth coverage are systematically preferred while driving
length reduction and maintaining acceptable gain levels.

Parameter bounds were defined as £50% of the reference
spacing values for dipoles 11-19, providing sufficient design
space exploration while maintaining geometric feasibility.

The CE algorithm iteratively refined a multivariate normal
sampling distribution N (g, o?) for each spacing parameter. In
each generation, 20 candidate designs were sampled from trun-
cated normal distributions (bounded by the parameter limits),
evaluated via CST simulation, and ranked by fitness. The top 2
candidates (elite ratio p = 0.1) were selected to update distribu-
tion parameters using exponential smoothing with oz = 0.8 for
mean and dynamic smoothing for standard deviation (8 = 0.7,
modified by Bmea = 8 — B(1 — 1/t)? where t is the gener-
ation number and ¢ = 50). Convergence was detected when
max(o) < 10~%mm or after 100 generations, whichever oc-
curred first.

A MATLAB-CST co-simulation interface utilizing the CST
COM API via MATLAB’s actxserver functionality was em-
ployed for automated design evaluation. For each candidate,
the algorithm updated the spacing parameters in the CST para-
metric model, executed the solver, extracted S-parameters at the
test frequencies for bandwidth evaluation, retrieved 3D farfield
patterns at multiple frequencies for gain evaluation, and calcu-
lated the total axial antenna length. The fitness score was then
computed according to Eq. (4). This automated workflow en-
abled the complete optimization loop without manual interven-
tion.

The CE algorithm ran for 7 generations until mathemati-
cal convergence (~ 140 evaluations, ~ 70 hours total), with
convergence detected when max(o) < 10~%mm at genera-
tion 7. Early generations (1-3) explored the design space effi-
ciently, while generations 4-5 progressively refined the search
space. Generation 4 achieved the optimal balance: 100% band-
width coverage with significant axial reduction (217 mm). Al-
though later generations (6—7) achieved further length reduc-
tion to 203 mm, this came at the cost of bandwidth and gain
degradation. The optimization exhibited stable behavior with
no divergence throughout. Fig. 6 illustrates the evolution of an-
tenna performance across seven CE optimization generations,
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highlighting the trade-off among axial length, bandwidth cover-
age, and average gain. A fourth-generation configuration pro-
vided the most balanced trade-off, achieving 100% bandwidth
coverage, an axial length of 217 mm, and an average gain of
7.63 dB. This configuration (217 mm x 88 mm), highlighted
in Fig. 6, was therefore selected as the optimized m-segment
PLPDA.

3D Plot of CE Optimization by Generation

% Generation 1
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2407 Generation 3
# ° ®  Generation 4
235 — * ° ®  Generation 5
o k xe Generation 6
230 | *. * @ Generation 7
= °
£ X7.6324 Dpe %
E225 |v100 ;ﬁ. o,  ® o
£ 2217.4035 Soo- ¥ * * o
g 220 — ® o °
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FIGURE 6. Evolution of axial length, gain, and bandwidth coverage
during CE optimization. The highlighted point represents the final se-
lected configuration.

The complete optimized antenna geometry is illustrated in
Fig. 7, showing all 20 dipole elements with the feed point at the
left end of the boom. The figure highlights the m-segment frac-
tal geometry applied to dipoles 19 and 20, the optimized inter-
element spacing values, and the overall compact dimensions of
217mm x 88 mm. Key dimensional parameters are labeled:
dipole lengths (I,,), dipole widths (w,,), and optimized spacing
values (s,). Complete dimensional data is provided in Table 1.
The dipole length column includes m-segment effective lengths
(for elements 19-20) shown in brackets and italic. Spacing is
presented in two columns: conventional baseline values and
CE-optimized values (italic). The antenna employs a microstrip
feed with a transmission line width of 5.03 mm, providing a
characteristic impedance of 50 €2 on the Rogers RT 5880 sub-
strate (h = 1.575mm, ¢, = 2.2).

4. RESULTS AND DISCUSSION

The performance of the optimized m-segment PLPDA was
evaluated via both simulation and experimental measurements,
and compared with those of the reference and the m-segment
PLPDA. Key performance metrics, including impedance band-
width, gain, and radiation characteristics, were analyzed to as-
sess the effect of CE-based axial optimization.

The antenna prototype was fabricated on a Rogers RT 5880
substrate. The design accommodates standard PCB fabrication
tolerances, with all feature sizes within standard manufacturing
capabilities. The prototype was tested using a Vector Network
Analyzer (VNA) and an anechoic chamber for performance val-
idation. Fig. 8 illustrates the S7; and Fig. 9 depicts the far-field
radiation and gain measurements at Laboratoire d’Electronique,
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TABLE 1. Dimensions of optimized m-segment PLPDA.

n | Length (I,) (mm) | Spacing (s») between n and (n + 1) (mm) | Width (w,) (mm)
Conventional Optimized
1 6.74 2.50 2.50 0.26
2 7.80 2.88 2.88 0.31
3 9.01 3.33 333 0.35
4 10.42 3.86 3.86 0.41
5 12.04 4.46 4.46 0.47
6 13.92 5.15 5.15 0.55
7 16.10 5.96 5.96 0.63
8 18.61 6.89 6.89 0.73
9 21.52 7.96 7.96 0.85
10 24.88 9.20 9.20 0.98
11 28.76 10.64 8.61 1.13
12 33.25 12.30 9.67 1.31
13 38.44 14.22 12.48 1.51
14 44.44 16.44 13.11 1.75
15 51.37 19.00 14.63 2.02
16 59.39 21.97 21.27 233
17 68.65 25.40 22.79 2.70
18 79.37 29.36 24.99 3.12
19 91.75 (64.88) 33.95 28.53 3.60
20 106.08 (75.02) 4.17
Wi e
AN
4
il | | I lig Ly @77 |
/IIHHI“' U U ‘ “ e
. Open-state
Feed point
mmm  Upper side I N
—— Lowerside _/
S18 S19

217mm

FIGURE 7. Complete geometry of the optimized m-segment PLPDA. Dimensional parameters are provided in Table 1.

Antennes et Telecommunications (LEAT), with the fabricated
antenna mounted on the positioner.

The results for S71, gain, and radiation patterns are illustrated
in Figs. 11, 12, and 10, respectively.

The Si; response in Fig. 11 shows that the optimized
m-segment PLPDA operates efficiently across the entire
bandwidth range. Both simulated and measured results re-
mained well below the —10 dB threshold, indicating excellent
impedance matching and minimal reflection losses throughout
the operating band. Minor variations between simulation
and measurement are consistent with standard measurement
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uncertainties and typical tolerances in antenna fabrication and
feed implementation, validating the antenna design.

The gain plot, illustrated in Fig. 12, shows a strong agree-
ment between simulated and measured results of the optimized
m-segment PLPDA. The gain remained consistently above 7 dB
throughout the operating bandwidth, demonstrating robust per-
formance across the frequency range.

In addition to the S7; and gain performance, the measured
and simulated radiation characteristics of the optimized m-
segment PLPDA were evaluated through the electric field hor-
izontal (EH) and electric field vertical (EV) components at
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FIGURE 8. S1; measurement. FIGURE 9. Gain measurement.
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FIGURE 10. Radiation patterns of optimized m-segment PLPDA at (a) 2 GHz and (b) 5 GHz.
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FIGURE 11. S11 comparison. FIGURE 12. Gain comparison.
2 GHz and 5 GHz, as shown in Figs. 10(a) and (b), respectively. teristics. Front-to-back ratios exceed 20 dB across the oper-
The results demonstrate a well-defined directional radiation be- ating band (20.5dB at 2 GHz, 22.8dB at 3 GHz, 28.3dB at
havior with a stable main-lobe orientation across the operating 5 GHz), validating the strong directivity observed in the pattern
band. Good agreement between measured and simulated pat- plots. Cross-polarization isolation exceeds 24 dB, demonstrat-
terns was observed. ing that the m-segment fractal geometry maintains polarization
Quantitative analysis of radiation patterns confirms that the purity despite lateral compaction. These quantitative metrics,
dual-dimensional miniaturization preserves directional charac- combined with the surface current analysis (Fig. 13) showing
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TABLE 2. Comparison between the proposed PLPDA and previously reported designs.

Ref. N | Bandwidth (GHz) | Gain (dB) | L(\) x W(A) | Bandwidth Type Gain Level

[26] 12 1.50-6.80 4.5-10.0 2.10 x 1.20 Wideband Low-High

[27] 12 0.35-0.75 6.5-8.5 0.88 x 0.35 Narrowband Moderate-High

[5] 50 0.55-9.00 2.4-7.8 0.49 x 0.36 Wideband Low-High

[28] 16 0.87-7.42 1.2-3.0 0.45 x 0.29 Wideband Low

[17] 25 0.50-10.00 3.0-6.1 0.36 x 0.43 Wideband Low-Moderate
This work | 20 1.30-6.00 7.8-9.4 0.94 x 0.38 Wideband High

wn  (b)

386

FIGURE 13. Surface current density distributions showing active region behavior at (a) 1.5 GHz, (b) 3.5 GHz, and (c) 6.0 GHz.

proper frequency-selective active region behavior, confirm that
the footprint reduction does not introduce spurious coupling or
current path disruptions.

Compared to the reference PLPDA baseline (254.55 mm x
116.08 mm), the optimized design achieves 34% footprint re-
duction (217 mm x 88 mm) while maintaining excellent gain
(7.8-9.4 dB) and identical bandwidth coverage (1.3—6.0 GHz).
This demonstrates effective miniaturization without perfor-
mance degradation.

The proposed antenna design in this study demonstrates sig-
nificant advancements compared with existing designs, as sum-
marized in Table 2. It should be noted that the dimensions of
the LPDAs in Table 2 are expressed in terms of the maximum
wavelength within their operating frequency bands. In addition
to the conventional parameters, the reported antennas were cat-
egorized according to bandwidth type and gain level to better
highlight the practical performance trade-offs. Antennas cover-
ing more than a 3 : 1 frequency ratio are classified as wideband,
while gain levels are categorized as low (< 5 dB), moderate (5—
7dB), and high (> 7dB).

As observed in Table 2, the proposed design maintains a con-
sistently high gain (> 7dB) across the entire operating band
(1.30-6.00 GHz, 4.6 : 1 ratio) and is therefore classified as
both wideband and high gain. In contrast, several referenced
works exhibit gain ranges spaning from low to high, despite
wideband operation. For example, [26] and [5] demonstrate
wideband performance; however, their gain levels vary signif-
icantly across the band, covering low-to-high classifications.
Moreover, [26] employs substantially larger electrical dimen-
sions, and [5] requires a considerably higher number of dipole
elements (50 elements). Some antennas achieve moderate-
to-high gain but operate in narrowband regimes (e.g., [27]),
whereas others provide wideband performance with low or low-
to-moderate gain levels ([17, 28]). With 20 dipole elements, the
proposed design achieves an effective balance between struc-
tural complexity and performance, avoiding an excessive ele-

ment count while delivering stable, high gain throughout the
entire bandwidth.

In terms of electrical size, the axial length of 0.94) and lat-
eral width of 0.38\ represent a substantial footprint reduction
compared with conventional implementations. The axial length
of 0.94), achieved through cross-entropy optimization by re-
ducing the spacing between dipoles, compares favorably with
references such as [26] and [27], and [26] is significantly larger
than the proposed design. The lateral length of 0.38\, mini-
mized using m-segment optimization, is comparable to [27] and
[5], and smaller than [26].

Refs. [28] and [17] present smaller overall electrical dimen-
sions; however, an examination of their qualitative perfor-
mance classifications reveals important trade-offs. Ref. [28]
achieves wideband operation but with a low gain level (1.2—
3.0dB), which is more than 6 dB lower than the proposed de-
sign across the operating band. Ref. [17] achieves wideband
operation but with a low-to-moderate gain level (3.0-6.1 dB)
using dual-band dipoles with top loading. In contrast, the pro-
posed design achieves wideband operation with a consistently
high gain. Furthermore, Refs. [28] and [17] employ dual-band
dipoles and bow-tie-shaped dipoles with top loading, respec-
tively, to achieve their compact size. In contrast, our design
uses an m-segment fractal structure and dipole spacing reduc-
tion to achieve compactness without significantly altering the
fundamental dipole shape, which simplifies the design and po-
tentially enhances manufacturability and robustness.

The achieved miniaturization while maintaining wideband
performance is enabled by complementary electromagnetic
mechanisms. The m-segment fractal geometry achieves lateral
compaction through its space-filling property: extended con-
ductor length is curled within a finite volume [16], with total
geometrical length preserved as L(1/2)™ [16]. This maintains
designed resonant frequencies despite physical compaction.
The fractal’s symmetry around the dipole axis preserves
undistorted radiation patterns [16]. The CE-optimized spacing
achieves axial compaction while maintaining LPDA phase
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progression and active region behavior essential for wideband
operation. Surface current distributions (Fig. 13) validate this
mechanism: at lower frequencies, current concentrates on the
longer m-segment dipoles, while at higher frequencies, the
active region shifts to the shorter elements, confirming proper
frequency-selective operation. The multi-objective fitness
function (Eq. (4)) inherently penalizes bandwidth degradation,
exploring only viable configurations. These mechanisms
— lateral and axial reduction on orthogonal dimensions —
achieve 34% footprint reduction while preserving measured
S11 < —10dB across 1.3-6.0 GHz with 7.8-9.4 dB gain.

The 34% reduction represents an optimized balance rather
than a fundamental limit. As shown in Fig. 6, generation
7 achieved 203 mm axial length compared to the selected
217 mm, but degraded bandwidth and gain. Further spacing re-
duction violates LPDA phase progression and active region re-
quirements, increasing mutual coupling. The lateral miniatur-
ization via m-segment fractal geometry is similarly constrained.
Increasing the m-segment iteration number or applying the frac-
tal to additional dipoles would further reduce lateral dimensions
but at the cost of increased fabrication complexity (finer fea-
tures) and potential degradation of current-distribution conti-
nuity. The selected configuration (m = 2, n = 1, applied to
dipoles 19-20) represents an optimal balance. The 34% reduc-
tion prioritizes robust wideband performance over aggressive
compaction.

The compact size, combined with high gain and adequate
bandwidth, justifies the efficacy and superiority of this design.
These attributes collectively provide a robust solution, demon-
strating that the compact dimensions do not detract from the
antenna’s high performance, making it suitable for applications
where space is limited yet high performance is essential.

5. CONCLUSION

This study presents the design and experimental validation of a
miniaturized single-layer PLPDA antenna operating from 1.3—
6.0 GHz. The antenna was developed through a sequential
miniaturization process involving m-segment fractal geometry
for lateral size reduction and CE optimization for axial length
reduction.

The application of m-segment geometry reduced the antenna
width by 24%, while CE optimization further reduced the axial
dimension by 15%. The resulting antenna achieved an overall
footprint reduction of 34% (217 mm x 88 mm) compared with
the reference design.

The experimental measurements were closely aligned with
the simulation results, validating the effectiveness of the pro-
posed optimization framework. The measured S;; remained
well below —10dB across the entire operating band, and the
average measured gain exceeded 7dB, confirming strong
impedance matching and stable radiation characteristics.

The results demonstrate that CE optimization serves as
an effective tool for adaptive axial miniaturization, enabling
performance-aware tuning of structural parameters beyond
the analytical limits. Combined with the m-segment fractal
approach, it provides a practical and scalable pathway for
developing compact wideband LPDA antennas. The compact
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form factor and wideband coverage make the design suitable
for spectrum monitoring, IoT gateway receivers, and software-
defined radio platforms where size, multi-band operation, and
directional characteristics are essential.
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